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ABSTRACT
We study the enrichment and mixing of r-process elements in ultrafaint dwarf galaxies
(UFDs). We assume that r-process elements are produced by neutron-star mergers
(NSMs), and examine multiple models with different natal kick velocities and explo-
sion energies. To this end, we perform cosmological simulations of galaxy formation to
follow mixing of the dispersed r-process elements driven by star formation and the as-
sociated stellar feedback in progenitors of UFDs. We show that the observed europium
abundance in Reticulum II is reproduced by our inner explosion model where a NSM is
triggered at the centre of the galaxy, whereas the relatively low abundance in Tucana
III is reproduced if a NSM occurs near the virial radius of the progenitor galaxy. The
latter case is realised only if the neutron-star binary has a large natal kick velocity
and travels over a long distance of a kilo-parsec before merger. In both the inner and
outer explosion cases, it is necessary for the progenitor galaxy to sustain prolonged
star formation over a few hundred million years after the NSM, so that the dispersed
r-process elements are well mixed within the inter-stellar medium. Short-duration star
formation results in inefficient mixing, and then a large variation is imprinted in the
stellar europium abundances, which is inconsistent with the observations of Reticulum
II and Tucana III.
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1 INTRODUCTION
Elements heavier than iron are mainly synthesised by
neutron-capture processes that occur in neutron-rich envi-
ronments. The processes are divided into ‘r-process’ and ‘s-
process’ by the neutron density of the production site. The
s-process is thought to take place in stars in their asymp-
totic giant branch phases, whereas the major astrophysi-
cal r-process site is still under debate (Cowan et al. 2019).
Neutron-star mergers (NSMs) are the most promising r-
process sites, as have been suggested by recent observations
of gravitational waves from GW170817 and its electromag-
netic counterpart (Abbott et al. 2017; Coulter et al. 2017).
The observed electromagnetic spectrum suggests that the
NSM produces a significant amount of r-process elements
(Watson et al. 2019).
There have been a number of theoretical studies that
consider explosive events such as NSMs and supernovae
as astrophysical factories of r-process elements. Numeri-
cal relativity simulations show that NSMs can synthesise
? E-mail: ytarumi@utap.phys.s.u-tokyo.ac.jp
a large amount of r-process elements (e.g., Hotokezaka et al.
(2013)). Interestingly, however, Galactic chemical evolution
models do not favour NSMs as dominant sources (van de
Voort et al. 2019; Safarzadeh et al. 2019b). Normal core-
collapse supernovae (CCSNe) were thought to be another
production site, but detailed calculations show that a large
flux of neutrinos produced during core collapse effectively
converts neutrons to protons, rendering r-processes ineffi-
cient overall. Only a particular type of supernovae may pro-
duce a significant amount of r-process elements (Woosley
1993; Siegel et al. 2019; Nishimura et al. 2015). Since there
are likely multiple r-process enrichment channels, it is impor-
tant to study the chemical signatures of r-process elements
in galaxies from the early through to the present epoch.
Ultrafaint dwarf (UFD) galaxies are small satellite
galaxies in the Local Group. The typical total luminosity is
less than 105L, and the mass is dominated by dark matter.
UFDs are ideal systems to study chemical evolution as they
are thought to preserve the information on elements pro-
duced early in their formation histories (Simon 2019). Re-
cent observations show that two UFDs contain stellar pop-
ulations with peculiar elemental abundances. Some stars in
© 2020 The Authors
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Reticulum II (Ret II) and Tucana III (Tuc III) show high
europium (Eu) abundances, suggesting early r-process en-
richment events (Ji et al. 2016; Hansen et al. 2017), but it
remains unknown why only these two galaxies show clear
r-process element signatures.
Safarzadeh & Scannapieco (2017) consider NSMs as a
dominant r-process source, and study the effect of different
explosion energies and delay times of NSMs using cosmolog-
ical hydrodynamics simulations. They find that neither ex-
plosion energy nor delay time significantly affects the overall
distribution of Eu within small galaxies, but the environ-
ment of the explosion site is important. Safarzadeh et al.
(2019a) further explore the relation between binary popula-
tion synthesis models and the fraction of r-process enriched
UFDs. They compare two binary population synthesis mod-
els with different initial binary separation distributions. To
reproduce the observed r-process enriched fraction of UFDs
of 2/14 ' 14 per cent, the short-separation models are pre-
ferred. The merger time is a crucial factor to determine the
enriched fraction because the kick velocity is typically higher
than the escape velocities of the UFD progenitors. It is found
that NSMs contributes to r-process enrichment if the final
merger occurs within about 10 per cent of the virial radius
of the galaxy. Overall, understanding the differences in the
elemental abundances of UFDs help us with identifying the
physical conditions of r-process enrichment.
In the present paper, we consider NSMs as the major
source of r-process enrichment in UFDs. We run a set of cos-
mological simulations of early galaxy formation, and model
the r-process enrichment and mixing in galaxies that have
different star formation histories. We study the dependence
of the Eu abundances on star-formation histories by com-
paring our simulations with recent observations. We exam-
ine how neutron-star binary kicks and gas mixing efficiency
affect the elemental abundance patterns. The rest of the pa-
per is organized as follows. In Section 2, we describe our
simulations and physical models. In Section 3, we present
the main results of our simulations. In Section 4, we dis-
cuss the implication for the astrophysical production site of
r-process elements. Finally in Section 5, we summarise our
results.
2 METHOD
2.1 Cosmological simulations
We run cosmological hydrodynamics simulations of galaxy
formation using the moving mesh code arepo (Springel
2010; Pakmor et al. 2016; Weinberger et al. 2019). The
simulations adopt the Planck 2018 cosmological parame-
ters (Planck Collaboration et al. 2018): Ωm = 0.315,Ωb =
0.049, σ8 = 0.810, ns = 0.965,H0 = 67.4kms−1Mpc−1. The ba-
sic code settings and physical parameters are the same as
those in Auriga simulation (Grand et al. 2017). Details of
the physical models are presented there.
We use the MUlti-Scale Initial Condition generator mu-
sic (Hahn & Abel 2011) to generate the cosmological initial
conditions. The box size is 1 comoving h−1Mpc on a side.
First, we run a low-resolution simulation to locate target
haloes (UFD hosts) for zoom-in simulations with higher res-
olution. In the parent low-resolution simulation, the dark
matter particle mass is 6.5 × 103 M, and the typical gas
cell mass is ∼ 1.2 × 103 M. We select haloes with ∼ 108 M
at redshift z = 8 as UFD progenitors (see, e.g., Safarzadeh
et al. 2018). We then re-simulate three UFD candidates with
a higher mass resolution. The zoom-in region is an ellipsoidal
region enclosing all particles within 2Rvirial of a target halo
at the final redshift (z = 6.6). The mass of each dark-matter
(DM) particle is mDM = 102 M, and the typical gas cell
mass is mg = 19 M. The simulations are evolved to z = 6
when reionisation proceeds and effectively quenches star for-
mation in UFD progenitors.
We focus on the three haloes (galaxies) that have no-
tably different star formation histories. In Fig. 1, we show
the iron abundance and star formation histories of the three
galaxies. The average iron abundance of stars is [Fe/H] = -
2.35, -2.49, and -2.64 for Halo 1, Halo 2, Halo 3, respectively,
which are close to that of Ret II (-2.65: Simon et al. (2015))
and Tuc III (-2.42: Simon et al. (2017)).
2.2 R-process element production by NSM
For a UFD progenitor, the NSM explosion site affects the
overall enrichment level and the spatial distribution of r-
process enriched stars, whereas the star formation history
critically sets the mixing efficiency of the dispersed elements.
We consider Eu as a major, representative r-process ele-
ment. We assume that an NSM produces 2 × 10−4 M of
Eu. This corresponds to the case where each NSM produces
0.05 M of r-process elements (Cowperthwaite et al. 2017) if
the abundance pattern is the same as the solar r-process
abundance at mass number greater than A=90 (Arnould
et al. 2007).
It is important to examine the effects of kicks and
merger delay times of NS binaries. An NS binary can have
a large velocity, comparable to or greater than the escape
velocity of the host UFD and the progenitors (e.g. Fryer
& Kalogera 1997; Safarzadeh & Coˆte´ 2017). It can travel
over a long distance, and the final merger can happen out-
side the star-forming region or even outside the galaxy. In-
stead of following the orbits of individual NS binaries, we
model merger events as point explosions at designated lo-
cations inside and outside the virial radius of the halo. In
this way, we can examine how the abundances of r-process
elements in metal-poor stars in the UFDs differ in cases
with explosions at various locations in a galaxy. In prac-
tice, we trigger one NSM at the galactic centre and oth-
ers at 26 × 8 points on the concentric spheres with eight
different radii 0.1rv, 0.5rv, 1.0rv, 1.5rv, 2.0rv, 2.5rv, 3.0rv, 5.0rv .
With polar coordinates, 26 points can be expressed as:
(θ, φ) = (0, 0), (pi/4, i), (pi/2, i), (3pi/4, i), (pi, 0) with i runs every
pi/4 from 0 to 7pi/4. We flag and trace the ejecta from dif-
ferent explosions independently, and thus are able to exam-
ine different cases in a single simulation run. Mixing of the
NSM ejecta including r-process elements is driven by star-
formation and the associated feedback effects by supernovae
and stellar winds. Thus the relative timing of the onset of
star formation and NSMs, and the duration of the subse-
quent star formation are important. We study three galaxies
with different star formation histories (Table 1 and Fig. 1).
The explosion time is chosen so that (i) a substantial amount
of stars have already been formed, and (ii) the galaxy still
produces stars after the NSM. The first condition is nec-
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R-process elements in the UFDs 3
stellar mass after NSM( M) SF duration(Myr)
Halo 1 15000 335
Halo 2 4000 250
Halo 3 1500 142
Halo 1, late 5000 95
Ret II 2600 -
Table 1. Halo properties in terms of star formation. The stel-
lar mass of Ret II is the observationally inferred value at z = 0.
(Bechtol et al. 2015)
essary to produce the binary neutron-stars, and the second
condition is imposed to see the mixing of the r-process ejecta.
For the galaxies we study here, the total gas mass decreases
towards the final output redshift, z = 6.6. This is owing to
photo-heating and evaporation caused by hydrogen reioni-
sation, and also to outflows driven by stellar feedback. Low-
mass haloes like UFD progenitors have shallow gravitational
potential wells and thus cannot retain the photo-heated gas
after reionisation. Star formation is quenched at this point.
We model the NSM bubble evolution by following an-
alytically a point explosion in the self-similar through to
snow-plough phases (Mo et al. 2010). We calculate the ra-
dius and velocity in the self-similar phase as a function of
t assuming the explosion energy of E = 1051 erg. The end
point of the self-similar phase is assumed to the time when
a quarter of the explosion energy is radiated away. By then,
the blast-wave reaches
rsh = 23 ×
(
n
1cm−3
)−19/45
×
(
E
1051erg
)13/45
pc (1)
with the velocity of
vsh = 200 ×
(
n
1cm−3
)2/15
×
(
E
1051erg
)1/45
km s−1, (2)
where n is the number density of hydrogen atoms in unit
of cm−3. Afterwards, the shocked shell expands while con-
serving momentum with the velocity scaling as v ∝ r−3. We
assume that the snowplough phase ends when the shell ve-
locity decreases to the value comparable to the turbulent
velocity of the surrounding gas (∼ 10km s−1). The final ra-
dius rsp is calculated as
rsp = rsh ×
(
vsh
10km s−1
)1/3
. (3)
In each simulation, we define the ‘NSM bubble’ with the
radius rsp. For the gas cells inside rsp, we distribute r-process
elements with weighting by the cell volume. Effectively, we
assume that the ejecta is well mixed within the shell, but also
approximately model that the dense (small volume) cells are
less susceptible to enrichment.
We have also run simulations with different explosion
energies of 1050 and 1052 erg, to obtain qualitatively similar
results. We find that the main physical process of ejecta di-
lution is large-scale turbulence driven by star formation and
galaxy assembly1, and the exact bubble size at the snowplow
phase does not significantly affects the dilution efficiency.
3 RESULTS
We compare the stellar Eu abundances in our simulated
galaxies with those of the two UFDs, Tuc III and Ret II.
We then identify models that reproduce the observed fea-
tures.
3.1 NS merger explosion site
Fig. 2 shows the mean Eu abundances as a function of the
location (distance) of explosion site from the centre. As is
expected, the mean Eu abundances are progressively lower in
the cases where a NSM occurs in the outer region at R > rvir.
Interestingly, we see relatively small differences in [Eu/Fe] if
a merger occurs inside the virial radius; all the three haloes
show [Eu/H] = −0.5 ∼ −1.0. Note that the [Eu/H] is as large
as the mean abundance of Ret II (-0.82 if we exclude the
stars with non-detection, and -0.93 if we include them). Since
we consider stochastic r-process enrichment, essentially by a
single event, [Eu/H] is not correlated with the stellar mass
of the galaxy, but is more correlated with the available gas
mass to be mixed.
Tuc III has a low value of [Eu/H] ∼ −2.0 (Marshall
et al. 2018), which may suggest either (i) NSM explosion(s)
took place outside the virial radius, or (ii) the gas mass
was very large. In the former case, the distance from the
galactic centre should not be too large (Fig. 2), whereas
in the latter, mixing with a large amount of gas naturally
reduces [Eu/H]. To reconcile the value of Tuc III, we need
10 times more gas. Since the baryon mass fraction in the
simulated galaxies are consistent to cosmic mean within a
factor of two (for other references, see e.g. Fig.4 of Wise et al.
(2012)), the progenitor halo mass should also be larger by
a factor of ten, to be ∼ 109 M. This is too large for star
formation in the UFD progenitor to be quenched by cosmic
reionisation (Safarzadeh et al. 2018). We thus argue that the
outer explosion (above case [i]) is favoured over the large
mixing mass.
We note that the small scatter in [Eu/Fe] in Tuc III
is not reproduced in Halo 2 and Halo 3 although the mean
[Eu/Fe] can be close to that of Tuc III. Halo 2 and Halo
3 show significantly large scatters as a result of inefficient
mixing of r-process elements due to the short star formation
duration. We discuss this point further in the next section.
3.2 Star formation history
An interesting feature of the two UFDs is that the stellar
[Eu/Fe] is roughly constant, with little or only weak depen-
dence on [Fe/H] for Ret II. Also the overall scatter in [Eu/Fe]
is small (Ji et al. 2016), and the same is true for Tuc III
(Marshall et al. 2018). A successful enrichment model should
therefore reproduce or explain such a trend.
1 We note that the rapid increase at tage ∼ 500 Myr of the stel-
lar mass of Halo 1 shown in Figure 1 is caused by mergers of
progenitor galaxies.
MNRAS 000, 1–9 (2020)
4 Y. Tarumi et al.
-4 -3 -2 -1 0 1 2 3 4
4
2
400 500 600 700 800 900
age of the Universe (Myr)
0
5000
10000
15000
20000
335 Myr
95 Myr
Stellar mass (M )
-4 -3 -2 -1 0 1 2 3 4
4
2
400 500 600 700 800 900
age of the Universe (Myr)
0
2000
4000
6000
250 Myr
Stellar mass (M )
-4 -3 -2 -1 0 1 2 3 4
4
2
400 500 600 700 800 900
age of the Universe (Myr)
0
500
1000
1500
2000
2500
3000
142 Myr
Stellar mass (M )
halo 1 halo 2 halo 3
st
el
la
r m
as
s e
vo
lu
tio
n
[F
e/
H]
Figure 1. Projected iron abundance and star formation histories. For Halo 1, Halo 2, Halo 3, from left to right. The density-weighted
iron abundance is normalised so that the Solar value is 0. The redshift is 6.4 and the numbers on the ticks show the distance from the
center in physical kpc.
The solid vertical lines in bottom panels show the beginning (dispersal of the r-process elements) and the end of the simulation. The
dashed vertical line in the bottom left panel shows the moment of r-process element dispersal in our ‘late’ model.
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Figure 2. The mean [Eu/H] of stars as a function of distance of
the explosion site from the galaxy centre. The coloured regions are
representing 25 percentile and 75 percentile to show the scatter
in each radius.
Fig. 4 compares the r-process element abundances of
stars in Halo 1 with different explosion timing. Halo 1 ex-
periences a prolonged star formation over 335 Myr, and the
r-process elements dispersed by a NSM at en early epoch are
well mixed within the inter-stellar medium. Consequently,
the scatter in [Eu/Fe] becomes fairly small. The [Eu/Fe] -
[Fe/H] distribution is remarkably similar to Ret II. Contrast-
ingly, if the star formation lasts only 95 Myr after the NSM,
the stellar [Eu/Fe] shows a large scatter. Clearly, efficient
mixing of the gas and the dispersed heavy elements is pre-
ferred or even necessary in order to reproduce the observed
small scatter of [Eu/Fe]. This implies that Ret II once had a
prolonged star formation activity over a few hundred million
years before the star formation ceased completely.
Fig. 4 also shows the formation time of stars measured
from the moment of NSM explosion (colour-coded as in
the indicator on the right of each panel). Both in Figs. 3
and 4, we see ”evolution” in [Fe/H] as time elapses, with
slight downwards tilts. The trend reflects the fact that the
r-process production event happens once, and [Eu/H] varies
little, but the metallicity (iron abundance) increases as the
galaxy chemically evolves over time.
We have shown that mixing of r-process elements crit-
ically affects the stellar elemental abundances. In our simu-
lations, supernova-driven galactic winds stir the ISM in the
galaxy, providing a major mixing mechanism. Technically,
the stellar feedback effect within a star-forming gas cell is
modeled by ejecting a wind particle in a random direction
MNRAS 000, 1–9 (2020)
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Figure 3. Stellar [Eu/Fe] - [Fe/H] abundances for halo 1, compared with the observational data of Tuc III. Left panel: The NSM is
triggered at the galactic centre where the main star-forming region is located. Right panel: The NSM occurs at around virial radius of
the galaxy. The mean [Eu/Fe] abundance in the right panel is closer to Tuc III.
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Figure 4. Stellar [Eu/Fe] - [Fe/H] abundances. The NSM is triggered at the galactic centre in these two cases. Left: There is a period
of long (335 Myr) star formation after the NSM. Right: Star formation is quenched soon (95 Myr) after the NSM explosion. The right
panel shows a significantly large scatter of [Eu/Fe] among the member stars, which is not found in the observations of Ret II.
(Springel & Hernquist 2003). The wind particle carries 40
per cent of the heavy elements that have been synthesised
and expelled by the SNe, and the other 60 per cent is imme-
diately distributed to nearby gas cells (Vogelsberger et al.
2013). The wind particle travels until the designated max-
imum travel time, or until reaching a low-density gas cell
with ρg < 0.05ρth. The wind particle finally deposits its
mass, metal content, momentum, and energy into the gas
cell in which it is located at the final moment.
In the centres of the galaxies, galactic winds efficiently
stir the ISM, whereas in the outskirt, full-scale mixing can be
achieved only through the halo growth via mergers and ac-
cretion. We evaluate the typical mixing timescale is 100 Myr
for all three halos, which is a few times shorter than in the
outskirt explosion cases presented in the previous section.
The sufficient mixing of elements makes the [Eu/Fe]-[Fe/H]
distribution in the central explosion model to be consistent
with Ret II.
In Fig. 5, we show the diffusion coefficients of Halo
1, obtained by three-dimensional Gaussian fittings of the
r-process element distribution. The diffusion coefficient D
can be calculated by inverting 2Dt = σ2, where we de-
rive Gaussian standard deviation σ by the fitting. We es-
timate the diffusion coefficients inside the UFD progenitors
to be 1 × 10−3 kpc2 Myr−1 ' 3 × 1026 cm2 s−1, and the one
at the outskirt of the galaxy to be 3 × 10−4 kpc2 Myr−1 '
9 × 1025 cm2 s−1. As a convergence test, we have performed
the same analysis to two additional simulations with eight
times lower and higher mass resolutions. We have confirmed
that the star formation histories are nearly identical and
also that the diffusion coefficients are consistent with the
main results shown in Fig. 5 within 20 percent. Within 250
Myrs, the r-process elements distributed around the centre
are well mixed to a half of the virial radius, which encloses
star-forming regions. The value is consistent with but a lit-
tle smaller than that derived by Karlsson (2005) who sug-
gests the diffusion coefficient of 7 × 10−4 kpc2 Myr−1 using
a stochastic metal enrichment model, calibrated by the ob-
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Figure 5. The diffusion coefficient of the r-process elements esti-
mated by three-dimensional Gaussian fit to the r-process element
distribution. The details are described in the main text. The solid
lines indicate the average of the coefficients measured at different
times. Large dots show the result from our main simulation. Two
small dots at each moment show the results of the same analysis
on simulations with eight times better and eight times worse mass
resolutions.
served metallicity distribution function of low-mass stars in
the MW. Hirai & Saitoh (2017) study the ‘mixing efficiency’
by comparing the stellar barium abundances of Milky-Way
(MW) and dwarf galaxies to their simulated galaxies using
a turbulent metal mixing model. They find that D > 2 ×
10−5 kpc2 Myr−1 is required to make the barium abundance
consistent. Ji et al. (2015) use D = 2.4 × 10−3 kpc2 Myr−1 as
their canonical value for the effective diffusion coefficient of
the galaxy with a similar mass and a redshift (note the dif-
ference in the definition: their effective D corresponds to our
D/3). All these values are consistent with our result from
the high-resolution hydrodynamics simulations.
Emerick et al. (2019) follow metal mixing in a dwarf
galaxy using Eulerian hydrodynamics simulations. They re-
port that the mixing proceeds slower if rare elements are
deposited in the outskirt of the galaxy than in the case with
deposition near the centre. This trend is also observed in
our simulations. They also show that the mixing time can
be estimated by the transport timescale (Pan et al. 2013):
τtrans = L2G/(Lturb vrms).
In our case, we estimate the typical size of the dwarf galaxies
as LG ∼ 0.5 kpc, and the characteristic turbulent length and
velocity Lturb ∼ 100 pc, vrms ∼ 10 km/s, respectively. The
former is roughly the size of a NSM bubble when it is in the
snow-plough phase (Eq. [3]) and the latter is the turbulent
velocity of the amibient gas. With these values, we obtain
the mixing timescale of about 250 Myr, which is consistent
with our simulations where it takes a few hundred Myr to
chemically homogenise the galaxy.
4 DISCUSSION
4.1 Star formation histories of the UFDs
Our results suggest an interesting possibility that the scat-
ter of r-process elements among stars in UFDs can be used
as a measure of mixing efficiency that is determined by the
timing of the r-process enrichment and the star-formation
duration in the galaxy. If we assume a continuous star for-
mation model, it takes 300 Myrs or more after a NSM explo-
sion for the ejecta including r-process elements to be mixed
well with the ambient ISM. This is longer than the free-fall
time tff =
√
3pi
32Gρ ' 70Myr. Such ‘sufficient’ mixing can be
achieved if binary neutron-stars are formed in the very early
epoch, and the binary merges quickly, and star formation
lasts long.
These conditions make the single star-burst event sce-
nario rather unlikely, and make us consider prolonged or
multiple star-formation epochs. We need more UFD obser-
vations to make this argument statistically robust. It would
be quite interesting to search for the first-generation stars or
”earlier generation” stars that contain no r-process elements
in Ret II and Tuc III, because it would then indicate the
timing of NSM relative to the onset of major star formation
in the galaxies.
4.2 Natal kick of neutron-star binaries
We have shown that the high Eu abundance in Ret II is re-
produced if an NSM occurs at the centre. Such central explo-
sion can occur if the binary neutron-stars receive very weak
kick at the formation, or merge within a very short time.
Contrastingly, the relatively low Eu abundance in Tuc III
can be explained by NSM explosion in the outer halo beyond
the virial radius, i.e., if the binary neutron-stars receive mod-
est kick comparable to escape velocity of the galaxy, ∼ 25
km/s depending on the place the binary was born. Intrigu-
ingly, it is known that there are two populations of binary
neutron-stars; one is with low peculiar velocities and the
other with high velocities (Beniamini et al. 2016). It is im-
portant to estimate how far a kicked neutron-star binary
travels over a hundred million years. We calculate the frac-
tion of neutron-star binaries that merge inside the virial ra-
dius, assumed to be 1 kpc. The initial velocity is drawn from
the Maxwell-Boltzmann distribution with a certain velocity
dispersion σ. We also assume that the delay time distri-
bution is proportional to t−1 (Belczynski et al. 2018) with
tmin = 10 Myr and tmax = 10 Gyr. Fig. 6 shows the resulting
fraction as a function of σ. For the assumed merger de-
lay time distribution, the probability is generally low that
NSMs occur within the virial radius of a UFD, unless the
natal kick velocity is low. The fraction of UFDs that are en-
riched with r-process elements can be used to constrain the
typical kick velocity. Note, however, that at least a few other
factors need to be considered, such as the formation rate of
neutron-star binaries and the stellar mass estimate of UFD
progenitors. Our discussion here is based on simple assump-
tions as follows: (i) We assume that the initial mass func-
tion IMF in UFDs is Chabrier IMF (Chabrier 2001). Since
the stellar populations in UFDs are quite old, stars heav-
ier than 0.8 M already disappeared or in the post-main-
sequence phase. This reduces the surviving stellar mass to
36 per cent of the initial stellar mass. (ii) No tidal stripping
takes place, so the initial stellar mass can be derived only
from the dead stars correction in (i). (iii) The mass-to-light
ratio is the same for all UFDs as that of Ret II (Bechtol et al.
2015). There are 14 UFDs whose stellar Eu abundances are
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R-process elements in the UFDs 7
0 20 40 60 80 100
Velocity dispersion  (km/s)
0.0
0.2
0.4
0.6
0.8
1.0
in
ne
r e
xp
lo
sio
n 
fra
ct
io
n
Assuming rv = 1kpc
vesc = 25km/s
vesc = 50km/s
Figure 6. Inner explosion fractions in two haloes with different
escape velocities. The horizontal axis indicates the velocity dis-
persion we have assumed. The horizontal solid line corresponds
to the level below which the possibilities of those inner explosion
fractions can be excluded with 5 per cent significance. The inner
explosion fraction below this line can be excluded with 5 per cent
significance. The very low dispersion (less than 10km/s) is un-
likely because the instant mass-loss via neutrino kicks the binary
neutron-star system at about 10km/s (Beniamini et al. 2016).
measured (Simon 2019). With these assumptions, we can
estimate the initial stellar mass to be 2.3 × 105 M. If we
adopt the typical fraction of merging neutron-star binaries
to 10−5 per 1 M in stars, we expect 2.3 UFDs experience
r-process enrichment. This is consistent with the number of
UFDs enriched (= 2), and thus implies that the NSMs should
dominantly takes place within the galaxy they were born in.
The high initial velocity model is disfavoured.
High-velocity NS binaries may not have been able to
escape if the UFD progenitor was more massive in the past.
Interestingly, there are some signatures indicating that the
Tuc III had experienced tidal stripping (Li et al. 2018). In
order to make the model with σkick > 100 km s−1 viable, the
UFD progenitors must lose its original mass more than 90
per cent on average.
R-process enrichment can be caused by an ”exter-
nal” neutron-star binary formed in another galaxy. Natal
neutron-star kick makes it possible for a binary to travel
over a long distance in a few to several hundred million
years. We find, however, that such an ”external enrichment”
of UFDs is an unlikely event. In our parent cosmological
simulation, the typical physical distance between two star-
forming galaxies is ∼ 60 kpc at z ∼ 11, and the virial ra-
dius of the UFD progenitor is ∼ 1 kpc. Then the solid an-
gle subtended by the neighbouring galaxy is pi/(60)2, yield-
ing the direction-wise success rate of ∼ 10−4. Furthermore,
the NSM must occur at the right time during its passage
through a (small) galaxy; the merger occurring inside a
galaxy is roughly (2kpc)/(60kpc) = 1/30. The actual success
rate should be even lower because a large fraction of binary
neutron-stars explode before traveling over ∼ 60 kpc. In con-
clusion, we can expect that the external NSM enrichment is
extremely rare, and although not entirely impossible, we can
ignore such an enrichment channel.
Time lag < 100Myr Time lag > 100 Myr
R<rv
High abundance,
large scatter
High abundance,
small scatter
R>rv
Almost no
r-process elements
Medium abundance,
medium-small scatter
Table 2. A table to summarise the relation between Eu abun-
dance observation and halo properties.
4.3 NSMs or CCSNe?
We have assumed that NSMs are the only r-process element
sources. There are also other suggested sources and mech-
anisms: magneto-rotational SNe and collapsars (Woosley
1993; Siegel et al. 2019; Nishimura et al. 2015), which are
rare types of CCSNe. NSMs are different from the SNe-origin
mechanisms in that NS binaries need time to merge after for-
mation and that they can travel over long distances before
merging.
Interestingly, recent studies on Galactic chemical evolu-
tion studies emphasize the difference in delay time to con-
clude that rare SNe are favored as the r-process element
source than the NSMs. van de Voort et al. (2019) argue
that rare, special CCSNe with r-process yields comparable to
the NSMs is favoured as the main r-process source over the
NSMs. The key feature is the flat trend observed in [Eu/Fe]-
[Fe/H] plot in metal-poor regime. Models with NSMs with
long delay times do not make stars to have low [Fe/H], but
rare, special CCSNe, can synthesise and mix r-process el-
ements with the ambient gas quickly so that stars formed
from the enriched gas have low [Fe/H]. This is a notable
feature different from UFDs.
Tuc III is moderately enriched with r-process elements.
In our simulations, the best-reproducing scenario is the one
with explosion with the offset of a virial radius (see Fig. 3),
and all central explosion scenarios overproduce r-process ele-
ments. The relatively low Eu abundance in Tuc III stars can
have three different interpretations: (i) explosion happens
at outside the galaxy, therefore only a small fraction of Eu
is captured in the stars, (ii) mixing gas mass is quite large,
therefore [Eu/H] is small, or (iii) the r-process yields is small
in the first place. We argue that the first scenario is the most
likely. As for the second argument, we need 4×107 M of hy-
drogen gas to reproduce [Eu/H] ' −2.0. This is too massive
for UFD progenitors at z > 6, because the typical halo mass
is 107 ∼ 108 M, and the baryon fraction is only about 16 per
cent of all matters. Such high mixing mass is unlikely for the
UFD progenitors. This mixing mass estimate is degenerated
with the Eu yield from an NSM. A smaller Eu yield makes
it possible that Tuc III Eu abundance is explained by large
mixing mass. In order to constrain this scenario further, we
need UFD observations with lower [Eu/H] abundances. As
for the third argument, i-process in, e.g. magneto-rotational
supernovae (MRSNe) (Nishimura et al. 2017), is suggested as
the small-yield event. Such a weak r-process event has a rel-
atively high electron fraction, and produces a large amount
of first-peak elements compared to heavier elements such as
lanthanides. However, Tuc III is known to be lanthanide-rich
(Ji et al. 2019a), suggesting the progenitor r-process event
had a quite low electron fraction. Since we do not know any
such a neutron-rich and low r-process yield event, we argue
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that the low r-process yield scenario is unlikely, although it
is not rejected.
Interestingly, the other UFDs do not contain Eu-
enriched stars, but some of them contain very small amounts
of Ba and Sr, which probably originate from the r-process
(Ji et al. 2019b). As shown in Fig. 2, if a NSM occurs out-
side the virial radius, it is possible to enrich the ISM in
star-forming regions to a very low level. The stars in UFDs
except for Ret II and Tuc III typically have [Ba/H] ∼ −4 (Ji
et al. 2019b). Assuming that the “pure” r-process produces
[Ba/Eu] = −0.89 (Burris et al. 2000), this corresponds to
[Eu/H] ∼ −3.1. We have examined our models with halo1,
and have found that the low abundance is realised if the
NSM occurs very far from the center, about three times the
virial radius of the simulated galaxy. We have shown that
the low Eu abundance of Tuc III is explained by a NSM
in the outskirt of the galaxy. If future observations discover
UFDs with lower (but non-zero) [Eu/H], NSMs with large
initial kick velocities are strongly favored over other prompt
enrichment processes.
4.4 Other implications
From the Eu and Fe abundances in a UFD, we can infer
the explosion site and the time lag between the NSM and
typical star formation in the galaxy. For example, if a large
scatter is found in the abundances of r-process elements,
it is likely that there was long star formation over a few
hundred million years after the NSM. Table 2 summarises
our findings.
Other properties such as the explosion energy of the
NSM do not affect the Eu abundances dramatically. We
naively expect that NSMs with higher explosion energy re-
sults in efficient mixing of the ejecta. However, since the
dominant mixing mechanism is the turbulent motions in the
galaxy, the NSM explosion energy causes a relatively mi-
nor effect. The Eu abundance scatter is determined by the
time lag between NSM and star formation quenching, we do
not expect that the merger delay time is important for the
[Eu/Fe] - [Fe/H] plot. Safarzadeh & Scannapieco (2017) ex-
amine the cases with three different explosion energies, three
different delay times, and two different merger sites. They
conclude that the merger site is most important in determin-
ing the [Eu/Fe] - [Fe/H] plot. Our result is consistent with
this notion. We have also seen that we cannot distinguish
explosions at the galactic centre and at 0.1kpc distant from
the centre (Figure 2).
It has been suggested that the r-process enhanced halo
stars in Milky Way originate from disrupted UFD-like galax-
ies. Naiman et al. (2018) reproduce the overall [Eu/Fe]-
[Fe/H] trend in the stars of Milky Way by post-processing
sub-grid mixing of r-process elements. They find that the
[Eu/Fe] distribution of in-situ and ex-situ stars are simi-
lar to each other, suggesting that the UFD-disruption sce-
nario may not be favoured. Note, however, that they also
report paucity of highly r-process enhanced ([Eu/Fe] & 1.5)
stars. Safarzadeh et al. (2019b) study the origin of r-process
elements in Milky Way by comparing in detail the distri-
bution and abundances of r-process enhanced metal-poor
stars. Their simulations resolve small progenitor galaxies
(∼ 108M), and the effective mixing timescale in their model
is consistent with what we find in the present paper.
It appears necessary to resolve small (∼ 108M) progen-
itor galaxies to form highly r-process enhanced stars. Such
stars are also reproduced in our simulated UFDs, which may
constitute, after tidal disruption, a part of the Milky Way
halo.
Finally, we discuss possible implications of our results
for r-process enrichment in globular clusters (GCs). It is
known that at least half of GCs have stars that contain
r-process elements (Roederer 2011). The origin is not iden-
tified, and theoretical work is ongoing. Zevin et al. (2019)
models the r-process enrichment of the GCs. They conclude
that NSM can enrich the GCs if the GC contain star-forming
gas 30 ∼ 50 Myr after the initial star formation. There is
also a curious fact that the stars in GCs have very small
abundance scatters (Bekki & Tsujimoto 2017). Although the
UFDs we have considered are more massive and physically
extended systems than GCs, our model may offer an inter-
esting scenario that sufficient mixing of r-process elements
through prolonged star formation causes nearly uniform r-
process abundance. If a fraction of GCs had small galaxies
as their progenitors, and if stochastic events like NSMs dis-
persed r-process elements within their progenitors, it may
be possible to reproduce the observed abundance patterns
in GCs.
5 CONCLUSIONS
We have performed cosmological simulations to study the
physical processes that shape the stellar Eu abundance dis-
tribution of UFDs. We have focused on the explosion sites
in the galaxy and star formation histories.
Our results suggest that
(i) For both Ret II and Tuc III, the r-process element
abundances can be explained by the NSM model.
(ii) If a NSM occurs inside the virial radius of a UFD
progenitor before reionisation, it can enrich the galaxy with
r-process elements up to [Eu/H] ∼ −0.5, depending on the
explosion site and the gas mass in the galaxy. This conclu-
sion also holds for other, similar enrichment processes such
as a particular type of CCSNe with the explosion energy of
1051 erg and ∼ 0.01 M of r-process materials.
(iii) The Eu abundance pattern of Ret II is reproduced
if a NSM occurs inside virial radius and star formation in
the galaxy lasts over a few hundred million years afterwards.
The abundance pattern of Tuc III can be explained by the
NSM at around virial radius, and if star formation lasts for
a similarly long time.
(iv) With [Eu/H] and [Eu/Fe], we can estimate the time
gap between explosion events and typical star-formation in
the galaxy.
UFDs are thought to have born early in the history of
the Universe. The origin of r-process elements and how the
elements were dispersed in such early galaxies have been
largely unknown, but NSMs are emerging as a promising
candidate especially after the multi-wavelength observations
of GW170817 and its electromagnetic counterpart. In the
future, a concerted study on stellar populations in galaxies,
physical properties of NS binaries, and the occurrence rate
of gravitational waves by NSMs will reveal how r-process
elements were produced in UFDs and also in our Galaxy.
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